
Molecular Abundance Variations Among and Within Cold. Dark 

Molecular Clouds 

M A S A T O S H I O H I S H I 

Nobeyama Radio Observatory, Nobeyama, Mimamimaki, Minamisaku, Nagano 
384-13, Japan 

W I L L I A M M . I R V I N E 

Five College Radio Astronomy Observatory, 619 Lederle GRC, 

University 0} Massachusetts, Amherst, MA 01003, U.S.A. 

a n d 

N O R I O K A I F U 

National Astronomical Observatory, 2-21-1, Osawa, Mitaka, Tokyo 181, Japan 

S e p t e m b e r 15, 1991 

A b s t r a c t . T h e latest table of molecular abundances in the cold, dark clouds TMC-1 and 
L134N is presented. Molecular abundance variations between TMC-1 and L134N, those 
within TMC-1 and L134N, and those among 49 dark cloud cores surveyed by Suzuki et 
al. (1991) are interpreted as an effect of chemical evolution. 
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1. Interstellar Molecules in Cold, Dark Clouds 

The cold, dark molecular clouds are formation sites for low-mass stars. These 
clouds often contain several dense cores with T K ~ 1 0 K , n ( H 2 ) ~ 1 0 4 -
1 0 5 cm" 3 , and the mass of one to a few M0. Such physical conditions to-
gether with lack of embedded high-luminosity sources make the cold, dark 
molecular clouds ideal testing sites for models of gas-phase ion-molecule 
chemistry. 

The recent development of large millimeter-wave telescopes like the 4 5 -
m telescope at Nobeyama and the 3 0 - m dish of IRAM, and highly sensitive 
submillimeter-wave telescopes have resulted in detections of many new inter-
stellar molecules. Some 9 0 interstellar molecules so far detected are summa-
rized by Irvine, Ohishi and Kaifu ( 1 9 9 1 ) (very recently CCO and SiN have 
been detected, and H3O"1" has been confirmed.). They also list molecules de-
tected in cold, dark clouds. As is well known, many radicals and molecular 
ions which have very short lifetimes under terrestrial conditions are often 
found in cold, dark clouds. Most of the molecules listed in Table II of Irvine, 
Ohishi and Kaifu were detected at the cyanopolyyne peak of TMC-1 (Taurus 
Molecular Cloud 1 ) that is located about 1 4 0 pc from the Sun. Character-
istic molecules in TMC-1 are the carbon-chain molecules (C n X ; X=H, N , 
0 and S) and their derivatives. Several chemical models, e.g. Herbst k Le-
ung ( 1 9 8 9 ) , show that these molecules' abundances peak in the "early time7' 
( ~ 3 x 1 0 ° years) and decrease rapidly as clouds reach the steady state. 
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Such molecules are not a b u n d a n t in all cold, da rk clouds which we can 

observe at present . O n e good example is provided by a compar i son of molec-

ular a b u n d a n c e s be tween T M C - l and L134N. Both clouds have very s imilar 

physical env i ronmen t s . Bu t the molecular a b u n d a n c e s have grea t differences, 

as a re s u m m a r i z e d in Tab le I. Ca rbon-cha in molecules are much more a b u n -

d a n t in T M C - l ( a b u n d a n c e ra t ios are grea ter t h a n 2), while NH3, SO, S O 2 , 

CH3OH, and NO are m o r e a b u n d a n t in L134N. Some molecules such as 

C O , C S , HCO"1" a n d H 2 C O do no t show any significant differences be tween 

t h e two c louds . T h e ca rbon-cha in molecules and their der ivat ives are , as we 

have s t a t e d before, a b u n d a n t in the "early t i m e " of cloud evolu t ion . N H 3 , 

S O , S O 2 , CH3OH, a n d NO show a c o m m o n charac ter i s t ic in their fo rma t ion 

chemis t r ies : they inc lude e n d o t h e r m i c reac t ions or n e u t r a l - n e u t r a l ones . 

C O , C S , HCO"1" and H 2 C O are widespread and usual ly very a b u n d a n t in 

mos t or all molecular c louds . 

T h e r e are a few publ i shed ideas to explain such a b u n d a n c e differences. 

O n e is t h a t T M C - l is carbon-r ich while L134N is oxygen-r ich. A n o t h e r one 

is t h a t T M C - l is in t h e early s t age of i ts chemical evolut ion and L134N is 

more evolved. Cons ide rab le effort to explain t h e a b u n d a n c e differences w i t h 

these ideas has been m a d e . B u t no one has found a clear answer for th i s 

basic ques t ion . 

2. Abundance Variations within TMC-l and L134N 

O n e i m p o r t a n t app roach for t h e above ment ioned ques t ion would be to in-

ves t iga te a b u n d a n c e var ia t ion within a cloud. It is very n a t u r a l for t h e chem-

is t ry to be s t rongly affected by the physical condi t ions (kinet ic t e m p e r a t u r e , 

densi ty , e lementa l a b u n d a n c e , r ad ia t ion field, e tc . ) of t h e c loud. 

H i r a h a r a et al. (1991) have c o m p a r e d molecular d i s t r ibu t ions of several 

ca rbon-cha in molecules ( C S , C 2 S , C3S, HC3N, H C 5 N , and C 4 H ) wi th o t h e r 

ones (NH3, H C S + , SO and N 2 H + ) in T M C - l , and found t h a t c a rbon -cha in 

molecules peak at t h e cyanopo lyyne peak while NH3, SO a n d NoH"1" p e a k 

a r o u n d t h e a m m o n i a peak . T h e difference is p rominen t and , surpr is ingly , 

it is s imilar to t h a t found in Table I be tween the two clouds T M C - l a n d 

L134N ! T h e y ana lyzed the d a t a for CoS and derived t h a t the n u m b e r dens i ty 

of molecular hydrgen at the cyanopolyyne peak is a b o u t 10 4 c m " 3 and t h a t 

for the a m m o n i a p e a k is abou t 1 0 5 c m " 3 . T h e r e is no clear evidence for 

cu r r en t s t a r - fo rmat ion in the vicinity of T M C - l . These facts toge ther wi th 

smal l core sizes ( ~ 0.02 pc) suggest t h a t the cores may be younger t h a n the 

t ime when the c loud would reach the s teady s t a t e of i ts chemical evolu t ion . 

Therefore H i r a h a r a et al. favored the conclusion t h a t the cyanopo lyyne p e a k 

is chemical ly younger t h a n the a m m o n i a peak . 

Swade (1989) m a d e extens ive m a p p i n g observat ions for L134N wi th C 1 8 0 , 

CS , C 3 H 0 , SO, H^CO" 1 " , NH3, and so on. Al though physical condi t ions do 
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TABLE I 
Measured Molecular Abundances in Dark Clouds 

N(Species)/N(H,) x 10* 
Species TMC-l L134N TMC-1/L134N 
CO 8000 8000 1 
c 2 o 0.06 
C 3 0 0.01 < 0.005 > 2 
C 3 5 
OH 30 7.5 4 
CH 2 1 2 
C,H 5-10 < 5 > 1 
C 3 H 0.05 
C4H 2 0.1 20 
C 5 H 0.03 
C«H 0.01 
CH3CCH 0.6 < 0.12 > 5 
CH3C4H 0.02 
CN 3 < 0.3 > 10 
C 3 N 0.1 < 0.02 > 5 
CH3CN 0.1 < 0 . 1 > 1 
CH3C3N 0.05 
HCN 2 0.4 5 
HNC 2 0.6 3.3 
HCNH+ 0.19 < 0.31 > 0.6 
HC 3 N 0.6 0.018 30 
HC 5 N 0.3 0.01 30 
HC 7 N 0.1 < 0.002 > 50 
HC9N 0.03 
HCnN 0.01 
CH,CHCN 0.02 < 0.01 > 2 
CS 1 0.1 10 
H C S + 0.06 0.006 10 
C7S 0.8 0.06 13.3 
C3S 0.1 < 0.02 > 5 
CH2C2 0.03 
CH^Cs 0.08 
HNCO 0.02 
N , H + 0.05 0.05 1 
NH 3 2 20 0.1 
HCO+ 0.8 0.8 1 
H,CO 2 2 1 
H 2 CCO 0.1 < 0.07 > 1.4 
OCS 0.2 0.2 1 
SO 0.5 2 0.25 
SOa < 0.1 0.4 < 0.25 
CH3CHO 0.06 0.06 1 
C3H2 1 0.2 5 
C-C3H 0.06 0.03 2 
CH3OH 0.2 0.3 0.66 
HC 2CHO 0.02 
CH,CN 0.5 <0 .1 > 5 
H*S < 0.05 0.08 < 0.6 
H 3CS 0.3 0.06 5 
NO < 3.0 6.0 < 0.5 
HCOOH < 0.02 0.03 < 0.66 

Note 

Sotes. Values assume column densities N(H2) s i x 1022cm~3 in both clouds. Positions 
are : 

TMC - 1 : cr(1950) = 4h38m38.6', -5(1950) = 25°35'45" ; 
L134N : <*(1950) = 15h51m30.0,

l (5(1950) = 2°43'3l" 

a : 20 arcmm from std. position, b : beam size » that for heavier species, c : TMC-l 
(detected at the ammonia peak (-4',+6')); L134N (3 x stronger at 1' west), d Values 
refer to position in note a. 
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not seem to vary greatly, these molecules show very different distributions 
: for example, NH3 shows two peak positions while H 1 3 C O + has a single 
maximum between these two positions of NH3, and furthermore SO shows 
several peaks away from the peaks of NH3 and/or H 1 3 C O + . Thus it is clear 
that the molecular abundances listed in Table I are not entirely representa-
tive for both clouds. Swade concluded that the distributions reflect variation 
of the carbon to oxygen ratio within L 1 3 4 N . But his argument is based on 
the steady state chemistry. Many chemical model calculations show that it 
takes about 1 0 7 years to reach the steady state, which is usually longer than 
the clouds' lifetime. This means that the chemistry is not in the steady state, 
and therefore an argument based on the steady state chemistry may not be 
valid. 

3 . Variations among Cloud Cores and their Chemical Evolution 

Another approach to study the abundance variation is to survey many dark 
cloud cores with some selected key molecules. Suzuki et al ( 1 9 9 1 ) have 
surveyed 4 9 dark cloud cores in the Taurus and in the Ophiuchus regions with 
C 2 S , C 3 S , N H 3 and related molecules. Although their purpose by comparing 
chemical network calculations and observational facts was to investigate the 
formation mechanism of the C 2 S radical, they found that the abundance of 
the C o S radical has a strong correlation with the chemical evolution of the 
cloud. 

They also suggest that the abundance ratio of C 2 S to that of NH3 will be 
a good indicator of the chemical evolution as well as the physical evolution. 
Fig. 1 plots fractional abundances of C 2 S of the cores surveyed by Suzuki 
et al. as a function of the column density ratio of C 2 S to NH3. These plots 
are classified into two categories : cores without IRAS point sources and 
those with IRAS. Because IRAS point sources are regarded as candidates for 
proto-stars, the cores with IRAS sources would be physically more evolved 
than those without IRAS sources. 

As we can see from Fig. 1, the cores without IRAS sources tend to be 
distributed in the upper-left region of the diagram, while those with IRAS 
sources tend to stay in the oppsite side. When we overlay an "evolution-
ary track" of the chemical evolution of the core (Suzuki et al. 1 9 9 1 ) , the 
upper-left portion of the figure corresponds to a cloud age of 4 - 10 x l 0 ° 
years and the lower-right part corresponds to 10 - 2 0 x 10° years (in the 
case of n ( H o ) = 1 0 4 cm" 3 ,TK = 10 K). The cyanopolyyne peak of TMC-
1 is located in the upper-left region, the amminia peak is in the central 
area, and L 1 3 4 N locates at the furthest right side among the three cores. 
This clearly means that the cyanopolyyne peak of TMC-1 is the chemically 
youngest core, the ammonia peak of TMC-1 is chemically older than the 
cyanopolyyne peak, and L 1 3 4 N is the most evolved. Although the absolute 
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Fig . 1. Var i a t ion of t h e f rac t iona l a b u n d a n c e of C2S t o H2 as a func t ion of t h e a b u n -

d a n c e r a t i o of C2S t o N H 3 . F i l led circles r e p r e s e n t d a r k c loud cores w i t h o u t I R A S 

p o i n t sources , a n d o p e n circles a re cores w i th I R A S sources . A r r o w s i n d i c a t e l i m i t s . 

Solid l ine is t h e " e v o l u t i o n a r y t r a c k " in t h e case of n(H2) = 1 0 4 cm~" 3 ,TK = 10 K. 

N u m b e r s a long t h e l ine r e p r e s e n t "chemica l age" of t h e c loud in un i t of 1 0 5 yea r s . 

values of t h e "chemical age" are not reliable, th is d i a g r a m clearly shows a 

cor re la t ion of t he chemical evolut ion and the physical evolut ion of the d a r k 

cloud cores . Final ly we no te t h a t the s imula t ion did not a s sume any e lemen-

ta l a b u n d a n c e var ia t ion , and we believe it will be possible to explain mos t 

of t he a b u n d a n c e var ia t ions of molecular c louds by th is idea of "chemica l 

evo lu t ion" . 

4. Summary 

Recent extensive mi l l imeter-wave and cen t imeter -wave observa t ions have re-

vealed t h a t the molecular a b u n d a n c e s of cold, d a r k cloud cores vary not only 

from cloud to cloud bu t also from core to core inside a single cloud. Several 

ideas have been proposed to explain such var ia t ions . We propose t h a t the 

var ia t ions can be reconciled consider ing the chemical evolut ion of the cloud 
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core. More active research including the survey observations of dark cloud 
cores and reaction network calculations, are neccesary to understand the 
relation between the chemistry and the physics of dark cloud cores. 
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Q U E S T I O N S A N D A N S W E R S 

Q i n Zeng; You did very good job to measure the column densities, but how to obtain the 
abundances from the column densities? 

M . O h i s h i : Fractional abundances of molecules are defined by f{mol.) = N(mol.)/N(Hi), 
where N(mol.) and iV^iT?) represent the column densities of the molecule and of 27?, 
respectively. 
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